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Simple Summary: Women diagnosed with low-grade endometrioid cancer (EEC) and its precur-
sor lesion, atypical hyperplasia (AH) are frequently treated with hormonal therapy including lev-
onorgestrel releasing intrauterine device (LNG-IUD) as an alternative to surgery. Biomarkers that
inform which group of patients are more likely to respond to LNG-IUD are not available. The aim
of this study was to document the response rate to LNG-IUD therapy in women with AH and EEC
and identify potential biomarkers to guide treatment response. The overall response rate (ORR) for
the whole cohort was 30/69 (~44%) with a higher ORR seen in AH (64%) compared to EEC (23%).
Fibroblast Growth Factor Receptor (FGFR2) isoforms were detected using RNA in situ hybridization.
The FGFR2c isoform was expressed in 16.7% of the samples, with those expressing FGFR2c 5-times
more likely to have treatment failure. FGFR2 isoform expression could be used to guide treatment
decisions following confirmation of this finding in an independent study.

Abstract: Women with atypical hyperplasia (AH) or well-differentiated early-stage endometrioid
endometrial carcinoma (EEC) who wish to retain fertility and/or with comorbidities precluding
surgery, are treated with progestin. Clinically approved predictive biomarkers for progestin therapy
remain an unmet need. The objectives of this study were to document the overall response rate
(ORR) of levonorgestrel intrauterine device (LNG-IUD) treatment, and determine the association of
FGFR2b and FGFR2c expression with treatment outcome. BaseScope RNA ISH assay was utilized
to detect expression of FGFR2b and FGFR2c mRNA in the diagnostic biopsies of 89 women (40
AH and 49 EEC) treated with LNG-IUD. Detailed clinical follow-up was available for 69 women
which revealed an overall response rate (ORR) of 44% (30/69) with a higher ORR seen in AH (64%)
compared to EEC (23%). The recurrence rate in women who initially responded to LNG-IUD was
10/30 (33.3%). RNA ISH was successful in 72 patients and showed FGFR2c expression in 12/72
(16.7%) samples. In the 59 women with detailed clinical follow-up and RNA-ISH data, women with
tumours expressing FGFR2c were 5-times more likely to have treatment failure in both univariable
(HR 5.08, p < 0.0001) and multivariable (HR 4.5, p < 0.002) Cox regression analyses. In conclusion,
FGFR2c expression appears to be strongly associated with progestin treatment failure, albeit the
ORR is lower in this cohort than previously reported. Future work to validate these findings in an
independent multi-institutional cohort is needed.

Keywords: atypical hyperplasia; endometrioid endometrial cancer; biomarkers; FGFR2b; FGFR2c;
LNG-IUD/Mirena; RNA ISH
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1. Introduction

Endometrial carcinoma (EC) is the most frequent gynaecologic malignancy in de-
veloped countries and the annual incidence and mortality rates are increasing [1]. En-
dometrioid EC (EEC) is the most common histologic type and is commonly associated
with obesity [2]. Endometrial hyperplasia is considered the precursor lesion of EEC and
usually develops after exogenous or endogenous unopposed excess estrogen exposure.
Since 2014 the WHO classification of endometrial hyperplasia has been divided into benign
hyperplasia and atypical hyperplasia (AH) that have 1–3% and 30–40% risk of progression
to EEC, respectively if left untreated [3–5].

Women with AH and well-differentiated early-stage EEC who prefer to preserve fertil-
ity, or with comorbidities that preclude surgery, are treated with progestin as an alternative
to the standard of care total hysterectomy. Progestin regimens frequently used include oral
medroxyprogesterone acetate (MPA), megestrol acetate (MA) or a levonorgestrel releasing
intrauterine device (LNG-IUD)/Mirena® [6]. LNG-IUD has been used increasingly and
is considered preferable as compared to oral progestin due to better tolerance (fewer side
effects) and increased compliance [7,8]. The reported response rates for LNG-IUD ther-
apy are ~80% for AH and ~60% for EEC [8,9], however reported relapse rates are high
(22–41%) [10–12].

Clinically validated predictive biomarkers to identify those patients unlikely to re-
spond to progestin or who are most likely to relapse after initial response, are not available
and this is unmet need in clinical practice. Several studies have investigated the role of
progesterone receptor (PR) expression for predicting progestin treatment response in AH
and well-differentiated EEC, but still, there is no consensus in the reported studies [13].

Dysregulation of Fibroblast Growth Factor (FGF)/FGFR2 signalling has been shown
to contribute to the progression of EEC [14–17]. FGFR2 is a prototype gene that undergoes
alternative splicing and generates two major isoforms which show mutually exclusive
tissue-specific splicing and expression. FGFR2b includes exon 8 and is normally expressed
in epithelial derived cells whereas FGFR2c includes exon 9 and is expressed in mesenchy-
mal derived cells (Figure 1A). Epithelial-mesenchymal FGF signalling normally occurs
in a reciprocal fashion where the ligands specific to each isoform are expressed by the
other tissue type to drive paracrine receptor signalling. Specifically, normal epithelial cells
express FGFR2b which can be stimulated by FGF3, 7, 10 and 22 that are expressed by the
underlying mesenchymal cells [18] (Figure 1B), and FGFR2c expressed by the stroma binds
with FGF2, 4, 8, 9, 17, 18 and 20 which can be expressed by epithelial cells. In carcinoma
cells FGFR2 undergoes isoform switching from FGFR2b to FGFR2c during tumorigenesis
which results in constitutive receptor activation via autocrine signalling (Figure 1C). This
results in functional and phenotypic changes including increased motility, resistance to
apoptosis, stemness, and epithelial to mesenchymal transition (EMT) [19–21]. In contrast,
FGFR2b is associated with well differentiated tumours, good outcome and has been shown
to have a tumour suppressive role in some cancers [22,23].

Recently, we found FGFR2c expression is associated with aggressive clinicopathologic
markers (high grade, deep myometrial invasion and lymphovascular space invasion) and
shorter progression-free survival (PFS) and disease-specific survival (DSS) in EEC [24]. We
hypothesised that FGFR2 isoform switching occurs in a subset of AH and early-stage EEC
and contributes to progestin treatment failure or resistance. The objectives of this study
were i) to determine the response rates of LNG-IUD treatment in a cohort of patients with
AH and EEC and ii) to investigate the association of FGFR2b and FGFR2c expression with
outcome in women with AH and well-differentiated early-stage EEC who had been treated
with LNG-IUD at the Mater Hospital.
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Figure 1. FGFR2 isoform switching, paracrine and autocrine signalling, and RNA ISH probes design. (A) Mechanism of 
alternative splicing. FGFR2 has two alternative spliced isoforms, FGFR2b and FGFR2c and these differ only in the second 
half of the third immunoglobulin-like loop (Ig-III) in the extracellular domain. Inclusion of exon 8 and exclusion of exon 9 
gives rise to the FGFR2b “2b” isoform and inclusion of exon 9 and exclusion of exon 8 gives rise to the FGFR2c “2c” 
isoform. (B) The FGFR2b isoform is normally expressed in epithelial cells and stimulated by FGF ligands (for example, 
FGF3, FGF7) expressed by underlying stromal cells. (C) Carcinoma cells undergo isoform switching during progression 
resulting in autocrine receptor activation. (D, E) Principles of probe design and representative micrography of RNA ISH 
showing (D) FGFR2b isoform (E) FGFR2c isoform signals. FGF, Fibroblast Growth Factor; FGFR2, Fibroblast Growth Fac-
tor Receptor. 
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Of the 89 women treated with LNG-IUD, 69 (77.5%) had complete clinical and fol-
low-up data, resulting in 36 AH, and 33 EECs including 4 women with grade 2 EEC. A 
total of 20 women with AH (n = 4), grade 1 EEC (n = 13) and grade 2 EEC (n = 3) were 
dropped from subsequent outcome analyses as they did not fulfill the criteria set for the 
study (Figure 2). 

Figure 1. FGFR2 isoform switching, paracrine and autocrine signalling, and RNA ISH probes design. (A) Mechanism of
alternative splicing. FGFR2 has two alternative spliced isoforms, FGFR2b and FGFR2c and these differ only in the second
half of the third immunoglobulin-like loop (Ig-III) in the extracellular domain. Inclusion of exon 8 and exclusion of exon 9
gives rise to the FGFR2b “2b” isoform and inclusion of exon 9 and exclusion of exon 8 gives rise to the FGFR2c “2c” isoform.
(B) The FGFR2b isoform is normally expressed in epithelial cells and stimulated by FGF ligands (for example, FGF3, FGF7)
expressed by underlying stromal cells. (C) Carcinoma cells undergo isoform switching during progression resulting in
autocrine receptor activation. (D, E) Principles of probe design and representative micrography of RNA ISH showing (D)
FGFR2b isoform (E) FGFR2c isoform signals. FGF, Fibroblast Growth Factor; FGFR2, Fibroblast Growth Factor Receptor.

2. Results
2.1. Patient Cohort Characteristics and Treatment Outcomes

Of the 89 women treated with LNG-IUD, 69 (77.5%) had complete clinical and follow-
up data, resulting in 36 AH, and 33 EECs including 4 women with grade 2 EEC. A total of
20 women with AH (n = 4), grade 1 EEC (n = 13) and grade 2 EEC (n = 3) were dropped
from subsequent outcome analyses as they did not fulfill the criteria set for the study
(Figure 2).

The indications for conservative progestin treatment were desire to preserve fertility
(n = 10), comorbidity that preclude surgery including morbid obesity increasing surgical
risk (n = 40), patient preferences (n = 6) and symptom control until hysterectomy was
feasible ± comorbidity (n = 26). The ages ranged from 26 to 86 years with a mean (±SEM)
of 54.4 ± 1.56 and a median age of 56 years. There were 20 women under 50 years. The
mean (±SEM) BMI was 47.7 (±1.34), 95% CI, 35.7–55.5 and median BMI was 48.4 Kg/m2.
The median follow-up was 524 days with interquartile range (IQR) of 386–1286 days. All
women were treated with LNG-IUD with 11 (14%) and 20 (29%) receiving additional oral
progestin or Metformin treatment, respectively.

The association between clinicopathologic characteristics and outcomes in LNG-IUD
responders and non-responders are summarized in Table 1. The overall response rate (ORR)
in this retrospective cohort was (30/69, 43.5%). Fifty percent of the responses occurred
within 12 months. The complete resolution rate (CRR) in the whole cohort was (21/69,
30.4%). The mean duration of response was 356 days with 95% CI, 182–432, and the median
duration of response was 345 days with 95% CI, 201–525.
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Age Category * 
<50 13 43% 7 18% 

0.068 50–60 8 27% 18 46% 
≥60 9 30% 14 36% 

Figure 2. REMARK flow chart of the cohort. a: 20 women were excluded on further review of the 89 cases. AH, atypical
hyperplasia; EEC, endometrioid endometrial carcinoma.

In time-to-event Cox regression proportional hazard model analyses, a significant
difference in progression was observed between AH and EEC (HR 2.01; 95% 1.039–3.836,
LRTP < 0.038) in univariable analysis, but this was not statistically significant in mul-
tivariable analysis (HR 1.24; 95% CI 0.984–2.88, LRTP < 0.078) (Table 2). There were 4
women with grade 2 EEC included in this study and the ORR was 2/4 (50%). The ORR
in women <50 years was 13/20 (65%). Both age and BMI were associated with treatment
response in univariable Cox regression analyses, but both were not statistically significant
in multivariable analyses (Table 2). The recurrence rate in women who had responded
initially to LNG-IUD treatment but later relapsed was 10/30 (33.3%). The rate of recurrence
was higher in EEC (3/7, 42.8%) compared to AH (7/23, 30.4%) and the mean duration to
recurrence was 12 months with 95% CI, 9–19 months. There was no significant difference
in treatment outcome between LNG-IUD treated compared to those women that had sup-
plementary or maintenance oral progestin (Table 1; Table 2). The study included 20 women
treated with metformin as part of their routine diabetic or PCOS regimen and there was no
significant difference in the (ORR) between women who received additional metformin
treatment and those that did not (HR 0.97;95%CI, 0.467–1.772, LRTP = 0.78) (Table 1; Table
2). There was no statistically significant difference between treatment responders and non-
responders when comparing high (>50%) vs. low (≤50%) tumour epithelial PR expression
(Fisher’s exact test, p = 0.42). However, we noted a significant difference between treatment
responders and non-responders in stromal PR expression (Fisher’s exact test p < 0. 049).
Nevertheless, both stromal and tumour PR expression were not significant in time to event
univariable Cox regression analyses (Table 2). When stratified by pre-treatment histologic
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diagnoses, there was a significant difference in ORR between AH and EEC (64% vs. 23%),
p < 0.0001, age (p < 0.043), and stromal PR expression (p < 0.001) (Table S1). BMI, treatment
indication, biopsy type (pipelle vs. curette), hysterectomy status, FGFR2 protein expression
or FGFR2 isoform and PR tumour expression were not statistically significant (Table S1).

Table 1. Association of clinicopathologic markers and FGFR2 isoform with treatment outcome in the whole cohort.

Clinicopathologic Characteristics
Responders Non-Responders

p-Value a
n = 30 % n = 39 %

Age Category *
<50 13 43% 7 18%

0.06850–60 8 27% 18 46%

≥60 9 30% 14 36%

BMI Category *

<30 0 0% 4 10%

0.22730–40 6 20% 5 13%

≥40 21 70% 28 72%

Unknown b 3 10% 2 5%

Indication of treatment *

Comorbidities/surgical risk 12 40% 24 62%

0.36Patient choice 3 10% 1 3%

Preserve fertility 6 20% 4 10%

Symptom control until
definite hysterectomy 8 27% 9 23%

Unknown 1 3% 1 2.6%

Hysterectomy status
No 20 67% 11 28% 0.001
Yes 10 33% 28 71%

Biopsy type during response
assessment *

Curette 19 63% 27 69%
0.466Hysterectomy 3 10% 6 16%

Pipelle 8 27% 6 16%

Pre-treatment diagnosis * AH 23 77% 13 33% 0.0001
Endometrioid EC 7 23% 26 67%

Grade
Not applicable c 23 77% 13 33%

0.0001Grade 1 5 17% 24 62%

Grade 2 2 7% 2 5%

FGFR2 IHC Score
Low 5 17% 8 21%

0.378High 21 70% 26 67%

Missing cores b 4 13% 5 13%

FGFR2 Isoform status *

FGFR2b+/FGFR2c− 23 77% 17 44%

0.005FGFR2b−/FGFR2c− 2 8% 7 18%

FGFR2b+/FGFR2c+ 1 3% 9 23%

Unknown 4 13% 6 15%

Stroma1 PR Score
≤10% 11 37% 21 54%

0.049>10% 15 50% 13 33%

Missing cores b 4 13 5 13%

Epithelial Tumour PR Score
≤50% 1 3% 3 8%

0.42>50% 28 93.4% 33 85%

Missing cores b 1 3.3% 3 8%

Concurrent Metformin
LNG-IUD 23 77% 25 64%

0.403LNG-IUD + Metformin 7 23% 13 33%

Unknown b 0 0% 1 3%

Route of progestin therapy LNG-IUD only 25 83% 32 82% 0.93

LNG-IUD + Oral Progestin 5 17% 7 18%
ap-value was calculated using Chi-X2 test or Fisher’s exact test for dichotomous variables. b Missing values were not included in p-value
determination. * multiple comparisons were corrected using the Bonferroni method. p-values < 0.05 are indicated in bold. c FIGO grading
only performed in EEC. BMI, Body Mass Index; AH, Atypical Hyperplasia; EEC, Endometrioid Endometrial Cancer; FGFR2, Fibroblast
Growth Factor Receptor 2; IHC, Immunohistochemistry; ISH, In situ Hybridization; LNG-IUD, Levonorgestrel Intrauterine device; NA Not
applicable; P, Probability; PR, Progesterone Receptor.
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Table 2. Univariable and Multivariable Cox regression proportional hazard model analyses.

Variables [Reference] Univariable Analyses Multivariable Analyses

N Total HR 95%CI LRTP HR 95%CI LRTP

Age in years 69 0.028 0.188

Age 50–60 [<50] 2.67 1.163–
6.137 0.021 1.02 0.99–2.09 0.435

Age ≥ 60 [<50] 3.19 1.319–
7.726 0.01 1.45 0872–2.65 0.165

BMI 30 (Kg/m2) 64 0.001 0.052

BMI 30–40 [<30] 1.32 1.15–2.452 0.002 1.13 0.84–1.63 0.056

BMI ≥ 40 [<30] 1.17 1.61–3.444 0.001 1.37 0.87–1.81 0.29

Pre-treatment diagnosis EEC
[AH] 69 2.01 1.039–

3.836 0.038 1.24 0.984 -2.88 0.078

Grade at diagnosis 69 0.052 0.232

Grade 1 [AH] 1.98 1.023–
3.834 0.043 1.61 0.86–3.01 0.14

Grade 2 [AH] 2.24 0.499–
10.078 0.292 1.54 0.987–5.3 0.097

FGFR2b+/FGFR2c+
[FGFR2b+/FGFR2c- a] 50 * 5.08 2.018–

12.774 0.0001 4.50 1.92–11.32 0.002

FGFR2 protein H-Score High
[Low] 60 0.83 0.406–

1.684 0.6 - - -

PR tumour expression ≥50%
[<50%] 63 0.78 0.245–

1.367 0.121 - - -

PR Stromal expression ≥10%
[<10%] 63 0.69 0.346–

1.356 0.278 - - -

LNG-IUD+ Metformin
[LNG-IUD only] 62 0.97 0.467–

1.772 0.78 - - -

LNG_IUD +oral progestin
[LNG_IUD only] 68 0.61 0.268–

1.387 0.238 - - -

a exclusive FGFR2b (FGFR2b+/FGFR2c-) used as reference. * Nine tumours with no FGFR2 expression were excluded from multivariable
analyses. p-values < 0.05 are indicated in bold. Abbreviations: BL, Borderline tumour; BMI, body mass index: CI, confidence interval;
AH, atypical hyperplasia; EEC, endometrioid endometrial cancer; HR, Hazard Ratio; FGFR2, Fibroblast Growth Factor Receptor 2; FIGO,
International Federation for Gynaecologic Oncology; ISH, In Situ Hybridization; LNG-IUD, Levonorgestrel Intrauterine device; LRTP, Log
Rank Test Probability.

2.2. Association of FGFR2 Isoforms with Treatment Outcome

From the 89 samples assessed, FGFR2 isoform status was successfully determined in 72
cases, with 17 cases excluded due to cores missing during BaseScope RNA ISH assessment
(n = 10), cores contain stroma only (n = 4) and PPIB housekeeping gene negative (n = 3).
Representative images of PR, FGFR2 protein, FGFR2b and FGFR2c expression from serial
sections of EEC index biopsies that showed tumour progression and resolution following
LNG-IUD treatment is provided in Figure 3.

Exclusive FGFR2b expression (FGFR2b+/FGFR2c-) was documented in 47 tumours,
25 with AH and 22 with EEC (Table 3). Twelve tumours (4 AH, 8 EEC) had co-expression
of both isoforms (FGFR2b+/FGFR2c+), and for simplicity are referred to as FGFR2c+. This
included two of the cases excluded from outcome analyses due to incomplete clinical
follow-up data or insufficient treatment duration (Table 3). Nearly all women with their
tumours positive for FGFR2c+ were non-responders 9/10 (90%). In brief, 7 had progression,
2 persistent disease and one woman with an initial response relapsed after 7 months.
Notably, loss of expression of both FGFR2 isoforms (FGFR2b-/FGFR2c-) was found in 13
tumour samples (4 of these were excluded from outcome analyses) (Table 3) with loss of
both FGFR2 isoforms also associated with progestin treatment failure.



Cancers 2021, 13, 1703 7 of 17

Cancers 2021, 13, x FOR PEER REVIEW 7 of 18 
 

 

= 3). Representative images of PR, FGFR2 protein, FGFR2b and FGFR2c expression from 
serial sections of EEC index biopsies that showed tumour progression and resolution fol-
lowing LNG-IUD treatment is provided in Figure 3. 

 
Figure 3. Representative images of PR protein, FGFR2 protein, FGFR2b and FGFR2c mRNA from 
two different patients with EECs treated with LNG-IUD. Serial sections from the pretreatment 
diagnostic biopsy of EEC from patient with tumour progression (left panels) and tumour resolu-
tion (right panel). Red dots indicate RNA ISH signal product and blue shows nuclear counterstain 
with haematoxylin. FGFR2c, Fibroblast Growth Factor Receptor 2c isoform; FGFR2b, Fibroblast 
Growth Factor Receptor 2b isoform; IHC, immunohistochemistry; ISH, In Situ Hybridization; PR, 
progesterone receptor. 

Figure 3. Representative images of PR protein, FGFR2 protein, FGFR2b and FGFR2c mRNA from two
different patients with EECs treated with LNG-IUD. Serial sections from the pretreatment diagnostic
biopsy of EEC from patient with tumour progression (left panels) and tumour resolution (right panel).
Red dots indicate RNA ISH signal product and blue shows nuclear counterstain with haematoxylin.
FGFR2c, Fibroblast Growth Factor Receptor 2c isoform; FGFR2b, Fibroblast Growth Factor Receptor
2b isoform; IHC, immunohistochemistry; ISH, In Situ Hybridization; PR, progesterone receptor.

In univariable Cox regression analyses, women with FGFR2c expression were 5-fold
more likely to progress (HR 5.08; 95% CI, 2.02–12.77, LRTP < 0.0001) compared to those
with exclusive FGFR2b expression. Multivariable Cox regression analyses adjusted for
cofounding clinicopathologic parameters (age at diagnosis, BMI, pretreatment histologic
diagnosis, tumour grade) was performed. Interestingly, FGFR2c expression (HR 4.5; 95%CI,
1.92–11.32, LRTP < 0.002) was significantly associated with shorter time to progression
(Table 2). Age at diagnosis, baseline BMI, pre-treatment histologic diagnosis, and FIGO
grade were associated with reduced time to progression in univariable Cox regression
analyses but lost their significance in multivariable analyses (Table 2). FGFR2 protein
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expression was not statistically significant (p = 0.378) as the antibody detects both isoforms,
highlighting the importance of RNA ISH to determine expression of each isoform.

Table 3. Association of clinicopathologic parameters and outcome with FGFR2 isoform status in 89 women.

Clinicopathologic Characteristics

FGFR2b+
/FGFR2c-

FGFR2b-/
FGFR2c-

FGFR2b+
/FGFR2c+

Unknown
Status

n % n % n % n %

Age in years
<50 13 28% 4 31% 3 25% 7 41%

50–60 15 32% 7 54% 4 33% 6 35%

>60 19 40% 2 15% 5 42% 4 24%

BMI in Kg/m2

<30 3 6% 2 15% 2 16.7% 0 0%

30–40 6 13% 1 8% 3 25% 6 35%

>40 33 70% 9 69% 6 50% 10 59%

Missing 5 11% 1 8% 1 8% 1 6%

Histologic
diagnosis

AH 27 57% 4 31% 4 33% 5 29%

Endometrioid EC 20 43% 9 69% 8 67% 12 71%

FGFR2 IHC Score
Low 9 19% 6 46% 2 17% 0 0%

High 36 77% 7 54% 10 83% 4 23.5%

missing 2 4% 0 0% 0 0% 13 77%

PR score stroma1
≤10 23 49% 8 62% 8 67% 3 19%

>10 19 40% 4 31% 4 33% 6 36%

Missing 5 11% 1 8% 0 0% 7 44%

Tumour PR Score
≤50% 3 6% 2 15% 1 8% 1 6%

>50% 41 87% 11 85% 11 92% 10 59%

missing 3 6% 0 0% 0 0% 6 35%

Combination
treatment

LNG-IUD only 30 71% 10 77% 7 64% 9 56%

LNG-IUD +
Metformin 12 29% 3 23% 4 36% 7 44%

Missing 0 0% 0 0% 0 0% 0 0%

Route of treatment
LNG-IUD only 40 84% 11 85% 11 92% 14 82%

LNG-IUD + Oral
Progestin 7 16% 2 15% 1 8% 0 0%

Unknown 0 0% 0 0% 0 0% 3 18%

Treatment
Outcome

Responders 23 49% 2 15% 1 8% 4 24%

Non-responders 17 36% 7 54% 9 75% 6 35%

Excluded from
analyses 7 15% 4 31% 2 17% 7 41%

Recurrence
No 31 64% 9 69% 9 75% 10 59%

Yes 9 21% 0 0% 1 8% 0 0%

Excluded from
analyses 7 15% 4 30.8% 2 17% 7 41%

AH, atypical hyperplasia; BMI, body mass index: CI, confidence interval; EEC, endometrioid endometrial carcinoma FGFR2c, Fibroblast
Growth Factor Receptor 2c isoform; FGFR2b, Fibroblast Growth Factor Receptor 2b isoform; IHC, immunohistochemistry; ISH, In Situ
Hybridization; LNG-IUD, Levonorgestrel Intrauterine device; PR, progesterone receptor.

Kaplan–Meier curve analysis was performed to evaluate the association of FGFR2c ex-
pression with progestin treatment response. Interestingly, patients with FGFR2c expression
had a shorter time to progression (LRTP < 0.0001) overall, and this remained statistically
significant when patients were stratified by pre-treatment histologic diagnosis, LRTP <
0.004 and LRTP < 0.007 for AH and EEC, respectively (Figure 4A). We also found loss
of expression of both FGFR2 isoforms was significantly associated with shorter time to
progression in the whole cohort, as well as when stratified by pretreatment histologic
diagnosis (Figure 4B). Hence, Kaplan–Meier curve analyses was performed combining
cases with expression of FGFR2c and loss of both FGFR2 isoforms vs. expression of FGFR2b
which showed that exclusive FGFR2b expression was significantly associated with longer
time to progression (Figure 4C).
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Figure 4. Probability of progression according to the FGFR2 isoform status with and without stratifying by pre-treatment
histologic diagnosis in the LNG-IUD treated cohort. Kaplan–Meier curve showing progression probability (A) exclu-
sive FGFR2b expression (FGFR2b+/FGFR2c-) vs. FGFR2c positive (FGFR2b+/FGFR2c+) cases. (B) exclusive FGFR2b
(FGFR2b+/FGFR2c-) vs. FGFR2c positive (FGFR2b+/FGFR2c+) vs. negative for both isoforms (FGFR2b-/FGFR2c-) (C)
exclusive FGFR2b expression (FGFR2b+/FGFR2c-) vs. FGFR2c positive (FGFR2b+/FGFR2c+) combined with negative
for both isoforms (FGFR2b-/FGFR2c-). AH, atypical hyperplasia; EEC, Endometrioid endometrial carcinoma; FGFR2c,
Fibroblast Growth Factor Receptor 2c isoform; LRTP, Log Rank Test Probability.

3. Discussion

Progestin therapy has been used as an alternative to surgical management for AH and
early-stage well-differentiated EEC in the setting of fertility preservation and/or presence
of comorbidities that prevent surgery. However, the response to progestin-based treatment
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has been reported to be extremely variable ranging from 23 to 94% [25]. This disparity
is partially due to patient heterogeneity, the lack of consensus on duration of adequate
treatment, inconsistencies in the methodological approaches used and small sample sizes.
Our cohort is based on retrospective data of women with (AH) and endometrioid EC treated
with LNG-IUD ± oral progestin from the Mater Hospital. The CRR in our retrospective
cohort was ~30%. The ORR across the whole cohort was 44% and women with AH showed
a higher ORR (64%) compared to women with EEC (23%). Recent reports of LNG-IUD
response rates in AH and EEC in pre- and post-menopausal women have also shown a
higher response rate in AH compared to EEC [8–10,26]. This suggests progestin treatment
efficacy decreases with tumour progression. Maggiore and colleagues reported the highest
ORR in EEC (13/16, 81%), however it should be noted that the mean age and BMI of this
cohort was 34 years and 25 Kg/m2 [10]. In contrast, the mean age of our current cohort
was 54 and the median BMI was 48 Kg/m2. This is most similar to the mean age (54 years)
and BMI (45 Kg/m2) reported by Behrouzi and colleagues which was associated with an
ORR of 56% [8]. In a recent prospective trial of LNG-IUD treatment a response rate of 89%
and 66% was seen at 12 months in patients with AH and EEC, respectively [26]. Although
the median age and median BMI was lower in these clinical trial participants (48 y and
45 Kg/m2), it is unknown whether these differences in the patient cohort characteristics
are responsible for the lower ORR seen in the Mater cohort. The ORR in women <50 years
in our cohort was 65% and in older women (>60 years) it was 39% suggesting that response
rate does decrease with age. The indication for therapy in the majority of our women was
the presence of comorbidities that precluded hysterectomy at time of diagnosis, which
differs from the primary aim of fertility preservation reported in studies with a higher
response rate. We opted to include the four patients with grade 2 EEC to show the response
rate in this cohort (2/4, 50%). When combined with reports of LNG-IUD response rates in
other small cohorts of G2 EEC patients [9] [10], an ORR of 11/16 (69%) was seen in patients
with G2 EEC.

The recurrence rate of 33% in our cohort is slightly lower compared to the recently
reported figure of 41% in AH [11] and EEC [10]. In contrast, a recurrence rate of only
10% was reported in the recent prospective trial with only 12 months follow-up [26].
Notwithstanding the latter result, our data suggests a significant number of patients may
relapse and hysterectomy planning is required as a definitive treatment.

The ability to predict which patients might respond best to hormone treatments was
identified as one of the top 10 unanswered research questions by patients, carers and health
professionals in 2015 [27]. As such, one of the main objectives of this investigation was to
assess whether expression of the two major FGFR2 isoforms was associated with LNG-IUD
response in women with AH and early-stage EEC. Isoform switching of FGFR2 (expression
of the FGFR2c mesenchymal isoform in epithelial cells) was identified in 10/59 patients
with detailed clinical follow-up and 9/10 of these patients failed to respond to LNG-IUD
treatment (showed persistent disease or progression). The one EEC patient with FGFR2c ex-
pression who showed an initial response, recurred after 7 months. Approximately one third
of women with AH will progress to endometrial cancer in the absence of treatment [4]. In
this cohort, FGFR2c expression was found in 4 women with AH, all of whom subsequently
progressed to endometrial cancer despite progestin treatment.

The pattern of the FGFR2c expression in this cohort was different from that previously
reported in the Vancouver cohort which was characterized by higher FIGO grade and FIGO
stage [24]. In these index biopsies FGFR2c expression is relatively low (2–3 signal dots
per cell, Figure 3 left panel), and nearly all FGFR2c positive tumours also co-expressed
FGFR2b. This suggests that in AH and well-differentiated early-stage EECs, complete
isoform switching from FGFR2b to FGFR2c had not occurred in all tumour cells. We
hypothesise that FGFR2c expression could represent subclonal cells undergoing EMT
early in disease progression in these patients. Nevertheless, both univariable (HR 5.08,
p < 0.0001) and multivariable (HR 4.5, p < 0.002) Cox regression model analyses revealed
that FGFR2c positive women had a shorter time to progression. This indicates even low
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expression of FGFR2c expression contributes to progestin treatment resistance in a subset
of patients. Conversely, tumours with exclusive FGFR2b epithelial isoform expression
had a better response to LNG-IUD treatment and thus expression of FGFR2b could be a
potential positive predictive marker for LNG-IUD treatment. A study demonstrated that
Ishikawa cell line treated in vitro with progesterone upregulates expression of FGFR2b and
co-stimulation with progesterone and FGF7 inhibited cell adhesion and growth [28]. Several
studies have documented expression of FGFR2b in normal human cyclic endometrium
and EC samples [28–30]. Other studies also reported that FGFR2b isoform inhibits tumour
growth and promotes differentiation and apoptosis in bladder, prostate, and thyroid
cancers [23,31,32].

FGFR2 total protein detected using IHC was not associated with LNG-IUD treatment
outcome indicating the value of the innovative RNA ISH assay in detection of each FGFR2
isoform and their predictive role for LNG-IUD treatment. RNA ISH has an advantage
in detecting alternatively spliced mRNA that do not have isoform-specific antibodies.
RNA ISH is also superior to the RT-PCR or RNASeq in revealing the temporal and spatial
expression of biomarkers of interest while preserving the morphological context of the cells
or tissues [24].

The mechanism underpinning how FGFR2c expression contributes to progestin treat-
ment resistance has not yet been fully investigated and this is a future direction of study
for our laboratory. However, in vitro, in vivo, and clinical studies have shown that FGFR2c
expression is associated with increasing cancer cell motility, epithelial-mesenchymal transi-
tion (EMT) and stemness [33,34]. EMT and stemness are hallmarks of tumour progression
and strongly linked to treatment resistance [35]. We propose clonal cells expressing FGFR2c
have autocrine receptor activation and downstream activation of the MAPK pathway and
therefore are no longer dependent on hormonal signalling for proliferation and tumour
progression. This is supported by several studies in breast cancer showing that FGF/FGFR
signalling has been implicated in hormone therapy resistance, and treatment resistance
is reversed with FGFR inhibitors [36,37]. Whether FGFR2c also signals through the PI3K
pathway in early stages of EEC is unknown, but the high frequency of PI3K activation
in EECs carrying activating FGFR2 mutations, and the induction of cell death despite
constitutive PI3K pathway activation in cell lines carrying FGFR2 activating mutations [38]
suggest that FGFR2c exerts its effect primarily through the MAPK pathway.

Despite the wide use of progestin therapy in clinical practice, the mechanism by
which progestin treatment induces tumour growth suppression is not fully understood. PR
expression has been extensively investigated as a possible predictive biomarker, however
there are conflicting results reported. Some studies reported PR-A is associated with poor
tumour differentiation and poor response to progestin, in contrast, another independent
study reported PR-B is associated with higher grade and poor response to hormone ther-
apy [13]. While we did not find an association between tumour (epithelial) PR expression
and response rate, higher stromal PR expression was associated with a higher response
rate. However, neither tumour nor stromal PR expression was significant when time to
event Cox regression analyses was performed. Several epidemiological clinical studies
have reported that unopposed estrogen was the most common risk factor for endometrial
hyperplasia and cancer development [2,39]. Janzen and colleagues showed that higher stro-
mal PR expression sensitizes to progestin treatment with a combination of elegant in vivo
studies [40]. Our finding supports these findings that higher stromal PR expression coun-
teracts epithelial proliferation by promoting differentiation and stromal decidualization
through paracrine signalling.

Although, the number of patients treated with LNG-IUD vs. combination of LNG-IUD
+metformin was not equal, the response rate between the two groups was not significantly
different. This finding is consistent with a recent report by Acosta-Torres and colleagues
who demonstrated addition of metformin to progestin had no superior outcome in AH
and EEC patients [41].
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The strengths of this study include our robust inclusion and exclusion criteria and
relatively large sample size with long-term clinical follow-up. This is also the first report
describing the expression of the two FGFR2 isoforms using very specific and sensitive
BaseScope RNA ISH assay and their association with LNG-IUD treatment response.

However, there are several limitations to our study. The major limitation is that
the cohort is based on retrospective data collected from a single institution, potentially
introducing ascertainment bias. Some women were referred to our unit for management
following an initial biopsy elsewhere. As we required at least 2 mm of lesional tissue
within the block to ensure diagnostic tissue in the constructed TMA, it is possible this
inadvertently selected for women with larger initial tumour volumes, potentially affecting
the response rate [9]. The cohort was also dominated by obese/morbidly obese and older
women, which may have also partly contributed to the low ORR. In addition, follow-up
biopsies at 3 or 6 m were not available for 9 women as they underwent a hysterectomy
between 3 and 6 months and may have gone on to show a response with longer treatment.
Another possible limitation is that in contrast to prospective clinical trials with a defined
endpoint (for example, response at 6 or 12 month), we determined the ORR at any time
point. This was done with the intention to capture both early and late responders. However,
if anything this should have increased the ORR as previous reports indicates response rates
increase from 12 to 18 months [25]. The other weakness of the study is not performing
power calculation prior to sample collection due to the nature of retrospective data, the
different sampling methods used to determine response and the heterogeneity of the
patient cohort, although the later does reflect real world clinical practice. For these reasons,
care should be taking in interpretation of the findings in this study, with validation in a
larger multi-institutional cohort needed.

4. Materials and Methods
4.1. Patients

The Mater Pathology database was searched using keywords “curette biopsy and
adenocarcinoma,” “uterus and atypical hyperplasia,” “uterus and complex atypical hyper-
plasia,” and “curette and endometrioid” from 2006 to 2018 to identify women diagnosed
with AH or EEC who were treated with progestin/LNG-IUD for a minimum of two months,
with subsequent follow-up histology. Exclusion criteria included no available pre-treatment
(index) biopsy at Mater Pathology, progestin treatment prior to initial biopsy, benign pathol-
ogy on review, insufficient lesional tissue within the index biopsy and chemotherapy or
radiotherapy for another malignancy within the previous 5 years (Figure 2). A total of 89
women were identified, all of whom were treated with LNG-IUD. In addition, 12 women
commenced on additional oral progestin based on clinician choice within 3–6-months of
LNG-IUD insertion or as maintenance therapy after removal of the LNG-IUD. Twenty-two
women had metformin treatment either for their diabetic treatment regimen (n = 16) or
for polycystic ovarian syndrome (PCOS) (n = 6). The dose of metformin administrated
was 1000–1500 mg/day orally. Patients were investigated to rule out any evidence of
myometrial invasion, and local or distant metastasis using standard of care radiologic eval-
uation prior to treatment commencement. Demographic, clinical data, diagnostic indexed
endometrial biopsies/curettage and subsequent follow up biopsies, hysterectomy samples
and outcome data were collected. A gynaecologic pathologist reviewed the biopsies and
hysterectomy samples. Samples were reported according to WHO 2014 criteria. There were
40 women with AH and 49 with well-differentiated EECs in this cohort. Patients data were
recorded from the date of diagnostic (index) biopsy obtained and/or commencement of
Progestin treatment (52 gm levonorgestrel IUD insertion) to the date of hysterectomy (if
performed) or last date of follow-up in the clinic. Follow up biopsies were taken every 3–6
months either by curettage or Pipelle, at the clinicians’ discretion.

Treatment outcomes were based on the histologic evaluation of the last follow up
biopsy or hysterectomy specimen and defined as previously published by Wheeler [42].
In brief, (I) resolution if histology indicated normal proliferative or secretory or atro-
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phied/inactive endometrium; (II) regression (partial response) if benign hyperplasia without
any atypia and with no focal residual AH or EEC; (III) persistent if there was no change
from the pre-treatment (indexed) biopsy; IV) progression if the last sample indicated EEC
when the index biopsy was AH or showed increased FIGO grade from G1 to G2/3 or
substantial myometrial invasion or extension to cervix at hysterectomy. Recurrence was
defined if the patient tumour initially showed complete resolution or regression at any
time point of the follow-up biopsies, but subsequent biopsies indicated either AH or EEC.
The final treatment outcome was dichotomized into ‘non-responders’ if the patient showed
a persistent tumour or progression after treatment for not less than 12 weeks and treatment
‘responders’ if the patient showed tumour regression or resolution at any time point. The
primary outcome was overall response rate (ORR) at any time point and secondary out-
comes were resolution and regression response rates and recurrence rates. The study was
planned, designed and reported according to the REMARK guidelines [43].

4.2. Tissue Microarray (TMA) Construction

The pre-treatment diagnostic (index curette biopsies) patient samples were identified
and two cores from different sites per patient sample were assembled from the original
archive FFPE biopsy blocks into two different TMAs with cores measuring 1.0 mm in diam-
eter using a semi-automated TMA constructor (Beecher Instruments) at Mater Pathology.
Serial sections from the two sets of TMAs (4 µm thickness tissue sections) were cut for
immunohistochemistry (FGFR2 and PR) and RNA in situ hybridization (ISH) assay (PPIB,
FGFR2b and FGFR2c) analyses.

4.3. Immunohistochemistry Staining

PR immunohistochemistry (IHC) was performed using the automated slide stainer
Ventana Benchmark ULTRA (Roche, Australia) with diagnostic anti-PR antibody (Ventana,
clone 1E2). Tumour epithelial and stromal PR expression was recorded separately and
scored using the H-score method considering the intensity and percentage of positive
cells. Finally, PR H-score was dichotomised using a cut-off of 50% and 10% for epithelial
tumour compartment and stromal nuclear stains, respectively. FGFR2 protein IHC staining
was performed in two sets of TMAs using anti-FGFR2 antibody (Cat# Ab58201, Abcam,
Cambridge, UK) with previously optimized and validated manual protocol [24]. The
primary anti-FGFR2 antibody targets the C-terminal FGFR2 which recognizes both FGFR2b
and FGFR2c isoforms. IHC scoring was performed by two independent scorers using
Histologic ‘H-score’ method as previously published by our laboratory [24] and other
groups [16].

4.4. BaseScope RNA ISH Assay for Detection of FGFR2 Isoforms and Signal Scoring

Recently, we have developed, optimized, and validated a novel bright field chro-
mogenic BaseScope RNA ISH assay to detect mRNA expression of FGFR2b and FGFR2c
isoforms. In this study, FGFR2b, FGFR2c and PPIB positive control (housekeeping gene)
mRNA expression were evaluated in the TMAs using a previously published protocol [24].
Briefly, a custom designed, human specific, exon 7–8 junction specific probe (BA-Hs-FGFR2-
tv2-E7E8) (1ZZ), (NM_022970.3, 1578-1622 bp) to target the FGFR2b isoform and an exon
7–9 junction specific probe (BA-Hs-FGFR2-tv1-E7E9), (NM_000141.4, 1580–1619 bp) to
target the FGFR2c isoform were utilized. A PPIB probe targeting a housekeeping gene
was used to verify the RNA quality and only tumour cores showing positive PPIB expres-
sion were considered in the final statistical outcome analyses. All probes and BaseScope
reagents were purchased from Advanced Cell Diagnostic (ACD), Hayward, CA, USA un-
less otherwise stated. BaseScope RNA ISH in epithelial tumour compartment scoring was
performed manually as previously published [24], as well as via an automated approach
using Fiji Image J2 (supplementary method S1). In brief, the slides were scanned using
Panoramic automated 3D whole slide scanner with CaseViewer version 2.2 (3DHISTECH,
Thermo Fisher Scientific, Australia) and images were exported in TIF format. In Fuji Image
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J2, a region of interest was selected to count both the number of nuclei and mRNA signal
products. Finally, the number of signal products obtained was divided by the number of
nuclei to determine the mRNA signal product per cell. Final scores were dichotomized as
negative if the RNA ISH score was 0 and positive if the RNA ISH score was >1. The score
obtained from automated counting was compared with the manual score and there was
high concordance (96.5%) with kappa coefficient of agreement of 0.97.

4.5. Statistical Analysis

Study data were collected and managed using REDCap electronic data capture tools
hosted at Mater Hospital [44] and final data was exported into SPSS (version 26) and
analysed. Chi-squared or Fisher’s exact tests as appropriate for categorical variables were
performed to assess the association between clinicopathologic variables, biomarkers anal-
ysed, and outcome. For multiple comparisons, Bonferroni method correction adjustment
was applied to minimize the family wise error rate (FWER). Scoring agreement between
manual and automated method was estimated by percent of concordance and kappa
(k) value. Time-to-event analyses were calculated from the date of progestin treatment
commencement (LNG-IUD insertion) to the date of hysterectomy or to the date of last
follow-up biopsy confirming disease resolution, persistence, progression, or recurrence.
Patients were censored either at the time of hysterectomy (if hysterectomy was performed)
or at the last follow up. Out of the 89 women initially identified, 20 women were ex-
cluded from outcome analyses due to tumour extension to cervix at the time of diagnosis
(n = 2), concurrent radio/chemotherapy for non-gynaecologic cancers (n = 2), inconsistent
diagnosis after pathology review (n = 2), progesterone treatment prior indexed diagnosis
(n = 2), insufficient clinical data and/or short duration of treatment (<12 weeks) (n = 12)
as depicted in Figure 2. Moreover, 17 women were removed from biomarker FGFR2
isoform status exploration due to either missing cores in TMA sectioning (n = 10), lack
of expression of the PPIB housekeeping gene (n = 3), or the core contained only stroma
(n = 4). Note that 7 women that were excluded due to the clinical exclusion criteria were
also dropped due to missing FGFR2 data. The Kaplan–Meier curve analysis was used
to predict treatment outcome and p-values were calculated using the log-rank test (LRT)
probability. Cox regression proportional hazard models were performed to evaluate the
predictive value of each variable. On multivariable Cox regression proportional hazard
model analysis, FGFR2 isoform status was adjusted for confounding variables including
age, BMI, histologic grade, and pretreatment histologic diagnosis. Variables with p < 0.10
were included in a multivariate Cox regression proportional hazard model with a stepwise
forward method included in the final analysis. Wald test statistics was performed to assess
two-sided 95% CIs for ORRs. In the last step, significant variables from the forward selec-
tion model (p < 0.05) were included in the final Cox regression proportional hazard model.
p < 0.05 was considered statistically significant (two-tailed tests).

5. Conclusions

In summary, the ORR in our cohort, more specifically in women with EEC is lower
than the recent reported rates from younger women. FGFR2c expression appears to be an
independent predictive biomarker and is strongly associated with LNG-IUD treatment
failure in AH and well-differentiated early-stage EEC. FGFR2b expression on the other
hand identifies a cohort of patients more likely to respond to LNG-IUD treatment. This
interesting finding requires independent validation in a larger cohort of women treated
with LNG-IUD.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13071703/s1, Table S1. Clinicopathologic characteristics of the cohort stratified
by pretreatment histologic diagnosis in the whole cohort. Supplementary method S1 Automated
RNA ISH counting method with representative images. The detail methodology for automated
determination of the FGFR2 isoforms RNA ISH signal determination is provided as supplementary
method S1.

https://www.mdpi.com/article/10.3390/cancers13071703/s1
https://www.mdpi.com/article/10.3390/cancers13071703/s1


Cancers 2021, 13, 1703 15 of 17

Author Contributions: A.T.S.: conceptualization, methodology development, data curation, Soft-
ware, statistical analysis, investigation, visualization, resources, writing—original draft, review and
editing. D.S.: conceptualization, methodology development, data curation, resources, investigation,
manuscript review and editing. R.R.: data curation, resources, investigation, manuscript review and
editing. C.E.S.: data curation, supervision, manuscript review and editing. E.D.W.: data curation,
supervision, manuscript review and editing. P.M.P.: conceptualization, methodology development,
investigation, resources, writing—original draft, review and editing, funding acquisition, supervision.
All authors have read and agreed to the published version of the manuscript.

Funding: There is no specific funding for this study.

Institutional Review Board Statement: The study was carried out according to the guidelines of
the declaration of Helsinki and the research was approved by the Mater Hospital Human Research
Ethics Committee (HREC) (#HREC/15/MHS/127) and the Queensland University of Technology
HREC (#1500000169).

Informed Consent Statement: Patients consent was waived due to retrospectively collected patients’
clinical data and tissue samples.

Data Availability Statement: There is no additional data related to this manuscript and crude data
used to generate the presented results can be obtained from corresponding author on reasonable
request.

Acknowledgments: Authors would like to thank all patients included in this study. We are also
grateful for the IHBI/QUT histology core and the Translational Research Institute of Australia (TRI)
microscopy facility for whole slide scanning. The Translational Research Institute is supported by a
grant (APP108382) from the Australian Government. ATS was supported by a QUTPRA scholarship.
PMP is supported by the School of Biomedical Sciences at QUT.

Conflicts of Interest: All authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Beral, V.; Bull, D.; Reeves, G. Endometrial cancer and hormone-replacement therapy in the Million Women Study. Lancet 2005,

365, 1543–1551.
3. Kurman, R.J.; Carcangiu, M.L.; Herrington, C.S.; Young, R.H. Classification of Tumours of Female Reproductive Organ. In WHO

Classification of Tumours, 4 ed.; WHO/IARC: Lyon, France, 2014.
4. Kurman, R.J.; Kaminski, P.F.; Norris, H.J. The behavior of endometrial hyperplasia. A long-term study of “untreated” hyperplasia

in 170 patients. Cancer 1985, 56, 403–412. [CrossRef]
5. Leitao, M.M.; Han, G.; Lee, L.X.; Abu-Rustum, N.R.; Brown, C.L.; Chi, D.S.; Sonoda, Y.; Levine, D.A.; Gardner, G.J.; Jewell, E.E.;

et al. Complex atypical hyperplasia of the uterus: Characteristics and prediction of underlying carcinoma risk. Am. J. Obstet.
Gynecol. 2010, 203, 349. [CrossRef] [PubMed]

6. Ruiz, M.P.; Huang, Y.; Hou, J.Y.; Tergas, A.I.; Burke, W.M.; Ananth, C.V.; Neugut, A.I.; Hershman, D.L.; Wright, J.D. All-cause
mortality in young women with endometrial cancer receiving progesterone therapy. Am. J. Obstet. Gynecol. 2017, 217, e661–e669.
[CrossRef] [PubMed]

7. Mandelbaum, R.S.; Ciccone, M.A.; Nusbaum, D.J.; Khoshchehreh, M.; Purswani, H.; Morocco, E.B.; Smith, M.B.; Matsuzaki, S.;
Dancz, C.E.; Ozel, B.; et al. Progestin therapy for obese women with complex atypical hyperplasia: Levonorgestrel-releasing
intrauterine device vs systemic therapy. Am. J. Obstet. Gynecol. 2020, 223, e101–e113. [CrossRef] [PubMed]

8. Behrouzi, R.; Ryan, N.A.J.; Barr, C.E.; Derbyshire, A.E.; Wan, Y.L.; Maskell, Z.; Stocking, K.; Pemberton, P.W.; Bolton, J.; McVey,
R.J.; et al. Baseline Serum HE4 But Not Tissue HE4 Expression Predicts Response to the Levonorgestrel-Releasing Intrauterine
System in Atypical Hyperplasia and Early Stage Endometrial Cancer. Cancers 2020, 12, 276. [CrossRef]

9. Pal, N.; Broaddus, R.R.; Urbauer, D.L.; Balakrishnan, N.; Milbourne, A.; Schmeler, K.M.; Meyer, L.A.; Soliman, P.T.; Lu, K.H.;
Ramirez, P.T.; et al. Treatment of Low-Risk Endometrial Cancer and Complex Atypical Hyperplasia with the Levonorgestrel-
Releasing Intrauterine Device. Obstet. Gynecol. 2018, 131, 109–116. [CrossRef]

10. Maggiore, U.L.R.; Martinelli, F.; Dondi, G.; Bogani, G.; Chiappa, V.; Evangelista, M.T.; Liberale, V.; Ditto, A.; Ferrero, S.;
Raspagliesi, F. Efficacy and fertility outcomes of levonorgestrel-releasing intra-uterine system treatment for patients with atypical
complex hyperplasia or endometrial cancer: A retrospective study. J. Gynecol. Oncol. 2019, 30, e57. [CrossRef]

11. Ørbo, A.; Arnes, M.; Vereide, A.B.; Straume, B. Relapse risk of endometrial hyperplasia after treatment with the levonorgestrel-
impregnated intrauterine system or oral progestogens. BJOG Int. J. Obstet. Gynaecol. 2016, 123, 1512–1519. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1002/1097-0142(19850715)56:2&lt;403::AID-CNCR2820560233&gt;3.0.CO;2-X
http://doi.org/10.1016/j.ajog.2010.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20576254
http://doi.org/10.1016/j.ajog.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/28844824
http://doi.org/10.1016/j.ajog.2019.12.273
http://www.ncbi.nlm.nih.gov/pubmed/31978437
http://doi.org/10.3390/cancers12020276
http://doi.org/10.1097/AOG.0000000000002390
http://doi.org/10.3802/jgo.2019.30.e57
http://doi.org/10.1111/1471-0528.13763


Cancers 2021, 13, 1703 16 of 17

12. Baker, W.D.; Pierce, S.R.; Mills, A.M.; Gehrig, P.A.; Duska, L.R. Nonoperative management of atypical endometrial hyperplasia
and grade 1 endometrial cancer with the levonorgestrel intrauterine device in medically ill post-menopausal women. Gynecol.
Oncol. 2017, 146, 34–38. [CrossRef] [PubMed]

13. Kim, J.J.; Chapman-Davis, E. Role of Progesterone in Endometrial Cancer. Semin Reprod. Med. 2010, 28, 081–090. [CrossRef]
[PubMed]

14. Fujimoto, J.; Hori, M.; Ichigo, S.; Tamaya, T. Expressions of the Fibroblast Growth Factor Family (FGF-1,-2 and-4)mRNA in
Endometrial Cancers. Tumour Biol. 1996, 17, 226–233. [CrossRef] [PubMed]

15. Pollock, P.M.; Gartside, M.G.; Dejeza, L.C.; Powell, M.A.; Mallon, M.A.; Davies, H.; Mohammadi, M.; Futreal, P.A.; Stratton, M.R.;
Trent, J.M.; et al. Frequent activating FGFR2 mutations in endometrial carcinomas parallel germline mutations associated with
craniosynostosis and skeletal dysplasia syndromes. Oncogene 2007, 26, 7158–7162. [CrossRef] [PubMed]

16. Gatius, S.; Velasco, A.; Azueta, A.; Santacana, M.; Pallares, J.; Valls, J.; Dolcet, X.; Prat, J.; Matias-Guiu, X. FGFR2 alterations in
endometrial carcinoma. Mod. Pathol. 2011, 24, 1500–1510. [CrossRef]

17. Dutt, A.; Salvesen, H.B.; Chen, T.H.; Ramos, A.H.; Onofrio, R.C.; Hatton, C.; Nicoletti, R.; Winckler, W.; Grewal, R.; Hanna, M.;
et al. Drug-sensitive FGFR2 mutations in endometrial carcinoma. Proc. Natl. Acad. Sci. USA 2008, 105, 8713–8717. [CrossRef]
[PubMed]

18. Ornitz, D.M.; Xu, J.; Colvin, J.S.; McEwen, D.G.; MacArthur, C.A.; Coulier, F.; Gao, G.; Goldfarb, M. Receptor specificity of the
fibroblast growth factor family. J. Biol. Chem. 1996, 271, 15292–15297. [CrossRef]

19. Ranieri, D.; Rosato, B.; Nanni, M.; Magenta, A.; Belleudi, F.; Torrisi, M.R. Expression of the FGFR2 mesenchymal splicing variant
in epithelial cells drives epithelial-mesenchymal transition. Oncotarget 2016, 7, 5440–5460. [CrossRef]

20. Ranieri, D.; Rosato, B.; Nanni, M.; Belleudi, F.; Torrisi, M.R. Expression of the FGFR2c mesenchymal splicing variant in human
keratinocytes inhibits differentiation and promotes invasion. Mol. Carcinog. 2018, 57, 272–283. [CrossRef]

21. Warzecha, C.C.; Sato, T.K.; Nabet, B.; Hogenesch, J.B.; Carstens, R.P. ESRP1 and ESRP2 are epithelial cell-type-specific regulators
of FGFR2 splicing. Mol. Cell 2009, 33, 591–601. [CrossRef]

22. Amann, T.; Bataille, F.; Spruss, T.; Dettmer, K.; Wild, P.; Liedtke, C.; Mühlbauer, M.; Kiefer, P.; Oefner, P.J.; Trautwein, C.; et al.
Reduced Expression of Fibroblast Growth Factor Receptor 2IIIb in Hepatocellular Carcinoma Induces a More Aggressive Growth.
Am. J. Pathol. 2010, 176, 1433–1442. [CrossRef]

23. Ricol, D.; Cappellen, D.; El Marjou, A.; Gil-Diez-de-Medina, S.; Girault, J.M.; Yoshida, T.; Ferry, G.; Tucker, G.; Poupon, M.F.;
Chopin, D.; et al. Tumour suppressive properties of fibroblast growth factor receptor 2-IIIb in human bladder cancer. Oncogene
1999, 18, 7234–7243. [CrossRef]

24. Sengal, A.T.; Patch, A.-M.; Snell, C.E.; Smith, D.S.; Leung, S.C.Y.; Talhouk, A.; Williams, E.D.; McAlpine, J.N.; Pollock, P.M.
FGFR2c Mesenchymal Isoform Expression Is Associated with Poor Prognosis and Further Refines Risk Stratification within
Endometrial Cancer Molecular Subtypes. Clin. Cancer Res. 2020, 26, 4569–4580. [CrossRef]

25. Penner, K.R.; Dorigo, O.; Aoyama, C.; Ostrzega, N.; Balzer, B.L.; Rao, J.; Walsh, C.S.; Cass, I.; Holschneider, C.H. Predictors
of resolution of complex atypical hyperplasia or grade 1 endometrial adenocarcinoma in premenopausal women treated with
progestin therapy. Gynecol. Oncol. 2012, 124, 542–548. [CrossRef] [PubMed]

26. Westin, S.N.; Fellman, B.; Sun, C.C.; Broaddus, R.R.; Woodall, M.L.; Pal, N.; Urbauer, D.L.; Ramondetta, L.M.; Schmeler, K.M.;
Soliman, P.T.; et al. Prospective phase II trial of levonorgestrel intrauterine device: Nonsurgical approach for complex atypical
hyperplasia and early-stage endometrial cancer. Am. J. Obstet. Gynecol. 2020, 224, 191-e1–e1. [CrossRef] [PubMed]

27. Wan, Y.L.; Beverley-Stevenson, R.; Carlisle, D.; Clarke, S.; Edmondson, R.J.; Glover, S.; Holland, J.; Hughes, C.; Kitchener, H.C.;
Kitson, S.; et al. Working together to shape the endometrial cancer research agenda: The top ten unanswered research questions.
Gynecol. Oncol. 2016, 143, 287–293. [CrossRef]

28. Ishikawa, A.; Kudo, M.; Nakazawa, N.; Onda, M.; Ishiwata, T.; Takeshita, T.; Naito, Z. Expression of keratinocyte growth factor
and its receptor in human endometrial cancer in cooperation with steroid hormones. Int. J. Oncol. 2008, 32, 565–574. [CrossRef]

29. Siegfried, S.; Pekonen, F.; Nyman, T.; Ämmälä, M.; Rutanen, E.-M. Distinct patterns of expression of keratinocyte growth factor
and its receptor in endometrial carcinoma. Cancer 1997, 79, 1166–1171. [CrossRef]

30. Visco, V.; Carico, E.; Marchese, C.; Torrisi, M.R.; Frati, L.; Vecchione, A.; Muraro, R. Expression of keratinocyte growth factor
receptor compared with that of epidermal growth factor receptor and erbB-2 in endometrial adenocarcinoma. Int. J. Oncol. 1999,
15, 431–435. [CrossRef]

31. Zhang, Y.; Wang, H.; Toratani, S.; Sato, J.D.; Kan, M.; McKeehan, W.L.; Okamoto, T. Growth inhibition by keratinocyte growth
factor receptor of human salivary adenocarcinoma cells through induction of differentiation and apoptosis. Proc. Natl. Acad. Sci.
USA 2001, 98, 11336–11340. [CrossRef] [PubMed]

32. Yasumoto, H.; Matsubara, A.; Mutaguchi, K.; Usui, T.; McKeehan, W.L. Restoration of fibroblast growth factor receptor2
suppresses growth and tumorigenicity of malignant human prostate carcinoma PC-3 cells. Prostate 2004, 61, 236–242. [CrossRef]

33. McNiel, E.A.; Tsichlis, P.N. Analyses of publicly available genomics resources define FGF-2-expressing bladder carcinomas as
EMT-prone, proliferative tumors with low mutation rates and high expression of CTLA-4, PD-1 and PD-L1. Signal. Transduct.
Target. Ther. 2017, 2, 16045. [CrossRef] [PubMed]

34. Sanidas, I.; Polytarchou, C.; Hatziapostolou, M.; Ezell Scott, A.; Kottakis, F.; Hu, L.; Guo, A.; Xie, J.; Comb Michael, J.; Iliopoulos,
D.; et al. Phosphoproteomics Screen Reveals Akt Isoform-Specific Signals Linking RNA Processing to Lung Cancer. Mol. Cell
2014, 53, 577–590. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ygyno.2017.04.006
http://www.ncbi.nlm.nih.gov/pubmed/28427775
http://doi.org/10.1055/s-0029-1242998
http://www.ncbi.nlm.nih.gov/pubmed/20104432
http://doi.org/10.1159/000217984
http://www.ncbi.nlm.nih.gov/pubmed/8685603
http://doi.org/10.1038/sj.onc.1210529
http://www.ncbi.nlm.nih.gov/pubmed/17525745
http://doi.org/10.1038/modpathol.2011.110
http://doi.org/10.1073/pnas.0803379105
http://www.ncbi.nlm.nih.gov/pubmed/18552176
http://doi.org/10.1074/jbc.271.25.15292
http://doi.org/10.18632/oncotarget.6706
http://doi.org/10.1002/mc.22754
http://doi.org/10.1016/j.molcel.2009.01.025
http://doi.org/10.2353/ajpath.2010.090356
http://doi.org/10.1038/sj.onc.1203186
http://doi.org/10.1158/1078-0432.CCR-19-4088
http://doi.org/10.1016/j.ygyno.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22079678
http://doi.org/10.1016/j.ajog.2020.08.032
http://www.ncbi.nlm.nih.gov/pubmed/32805208
http://doi.org/10.1016/j.ygyno.2016.08.333
http://doi.org/10.3892/ijo.32.3.565
http://doi.org/10.1002/(SICI)1097-0142(19970315)79:6&lt;1166::AID-CNCR15&gt;3.0.CO;2-Y
http://doi.org/10.3892/ijo.15.3.431
http://doi.org/10.1073/pnas.191377098
http://www.ncbi.nlm.nih.gov/pubmed/11562460
http://doi.org/10.1002/pros.20093
http://doi.org/10.1038/sigtrans.2016.45
http://www.ncbi.nlm.nih.gov/pubmed/28515962
http://doi.org/10.1016/j.molcel.2013.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24462114


Cancers 2021, 13, 1703 17 of 17

35. Thiery, J. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 6, 442–454. [CrossRef] [PubMed]
36. Turner, N.; Pearson, A.; Sharpe, R.; Lambros, M.; Geyer, F.; Lopez-Garcia, M.A.; Natrajan, R.; Marchio, C.; Iorns, E.; Mackay, A.;

et al. FGFR1 amplification drives endocrine therapy resistance and is a therapeutic target in breast cancer. Cancer Res. 2010, 70,
2085–2094. [CrossRef]

37. Tomlinson, D.C.; Knowles, M.A.; Speirs, V. Mechanisms of FGFR3 actions in endocrine resistant breast cancer. Int. J. Cancer 2012,
130, 2857–2866. [CrossRef]

38. Byron, S.A.; Gartside, M.G.; Wellens, C.L.; Mallon, M.A.; Keenan, J.B.; Powell, M.A.; Goodfellow, P.J.; Pollock, P.M. Inhibition of
activated fibroblast growth factor receptor 2 in endometrial cancer cells induces cell death despite PTEN abrogation. Cancer Res.
2008, 68, 6902–6907. [CrossRef]

39. Setiawan, V.W.; Yang, H.P.; Pike, M.C.; McCann, S.E.; Yu, H.; Xiang, Y.-B.; Wolk, A.; Wentzensen, N.; Weiss, N.S.; Webb, P.M.; et al.
Type I and II endometrial cancers: Have they different risk factors? J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2013, 31, 2607–2618.
[CrossRef] [PubMed]

40. Janzen, D.M.; Rosales, M.A.; Paik, D.Y.; Lee, D.S.; Smith, D.A.; Witte, O.N.; Iruela-Arispe, M.L.; Memarzadeh, S. Progesterone
receptor signaling in the microenvironment of endometrial cancer influences its response to hormonal therapy. Cancer Res. 2013,
73, 4697–4710. [CrossRef]

41. Acosta-Torres, S.; Murdock, T.; Matsuno, R.; Beavis, A.L.; Stone, R.L.; Wethington, S.L.; Levinson, K.; Grumbine, F.; Ferriss, J.S.;
Tanner, E.J.; et al. The addition of metformin to progestin therapy in the fertility-sparing treatment of women with atypical
hyperplasia/endometrial intraepithelial neoplasia or endometrial cancer: Little impact on response and low live-birth rates.
Gynecol. Oncol. 2020, 157, 348–356. [CrossRef]

42. Wheeler, D.T.; Bristow, R.E.; Kurman, R.J. Histologic alterations in endometrial hyperplasia and well-differentiated carcinoma
treated with progestins. Am. J. Surg. Pathol. 2007, 31, 988–998. [CrossRef] [PubMed]

43. McShane, L.M.; Altman, D.G.; Sauerbrei, W.; Taube, S.E.; Gion, M.; Clark, G.M. REporting recommendations for tumor MARKer
prognostic studies (REMARK). Nat. Clin. Pract. Urol. 2005, 2, 416–422. [CrossRef] [PubMed]

44. Harris, P.; Taylor, R.; Thielke, R.; Payne, J.; Gonzalez, N.; Conde, J. (REDCap) Redc: A metadata-driven methodology and
workflow process for providing translational research informatics support. J. Biomed. Inform. 2009, 42, 377–381. [CrossRef]
[PubMed]

http://doi.org/10.1038/nrc822
http://www.ncbi.nlm.nih.gov/pubmed/12189386
http://doi.org/10.1158/0008-5472.CAN-09-3746
http://doi.org/10.1002/ijc.26304
http://doi.org/10.1158/0008-5472.CAN-08-0770
http://doi.org/10.1200/JCO.2012.48.2596
http://www.ncbi.nlm.nih.gov/pubmed/23733771
http://doi.org/10.1158/0008-5472.CAN-13-0930
http://doi.org/10.1016/j.ygyno.2020.02.008
http://doi.org/10.1097/PAS.0b013e31802d68ce
http://www.ncbi.nlm.nih.gov/pubmed/17592264
http://doi.org/10.1093/jnci/dji237
http://www.ncbi.nlm.nih.gov/pubmed/16482653
http://doi.org/10.1016/j.jbi.2008.08.010
http://www.ncbi.nlm.nih.gov/pubmed/18929686

	Introduction 
	Results 
	Patient Cohort Characteristics and Treatment Outcomes 
	Association of FGFR2 Isoforms with Treatment Outcome 

	Discussion 
	Materials and Methods 
	Patients 
	Tissue Microarray (TMA) Construction 
	Immunohistochemistry Staining 
	BaseScope RNA ISH Assay for Detection of FGFR2 Isoforms and Signal Scoring 
	Statistical Analysis 

	Conclusions 
	References

